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Biomembraneeaxanthin (β,β-carotene-3,3′-diol) incorporated into planar lipid membranes
formed with diphytanoyl phosphatidylcholine increases the speciﬁc electric resistance of the membrane
from ca. 4 to 13×107 Ω cm2 (at 5 mol% zeaxanthin with respect to lipid). Such an observation is consistent
with the well known effect of polar carotenoids in decreasing ﬂuidity and structural stabilization of lipid
bilayers. Zeaxanthin incorporated into the lipid membrane at 1 mol% has very small effect on the overall
membrane resistance but facilitates equilibration of the transmembrane proton gradient, as demonstrated
with the application of the H+-sensitive antimony electrodes. Relatively low changes in the electrical
potential suggest that the equilibration process may be associated with a symport/antiport activity or with a
transmembrane transfer of the molecules of acid. UV–Vis linear dichroism analysis of multibilayer formed
with the same lipid–carotenoid system shows that the transition dipole moment of the pigment molecules
forms a mean angle of 21° with respect to the axis normal to the plane of the membrane. This means that
zeaxanthin spans the membrane and tends to have its two hydroxyl groups anchored in the opposite polar
zones of the membrane. Detailed FTIR analysis of β-carotene and zeaxanthin indicates that the polyene chain
of carotenoids is able to form weak hydrogen bonds with water molecules. Possible molecular mechanisms
responsible for proton transport by polyenes are discussed, including direct involvement of the polyene chain
in proton transfer and indirect effect of the pigment on physical properties of the membrane.
© 2008 Elsevier B.V. All rights reserved.1. Introduction
Carotenoids are ubiquitous pigments present both in the plant and
animal kingdoms, playing important physiological roles [1]. Among
diverse biological functions of carotenoids protection against oxida-
tive damage [2–6] and light harvesting in the photosynthetic
apparatus [7–9] are the most frequently reported. The photoprotec-
tion of carotenoids is realized via quenching of the triplet states of
photosensitizers, quenching of singlet oxygen and scavenging free
radicals. These mechanisms are essential for maintaining integrity of
both the functional membrane proteins and the lipid phase.
Protection of lipid membrane by carotenoid pigments is also realized
via decreasing ﬂuidity of the membrane, which increases the barrier
for penetration of the singlet oxygen [10]. The polyene chain of
carotenoid pigments incorporated into lipid membranes is localized
in the hydrophobic core of the bilayer [11–14]. Polar carotenoids tendthe occasion of his eightieth
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ll rights reserved.to adopt an orientation within the membrane, which enables the
polar groups, located at the ends of the long, bar-shaped hydrophobic
molecules, to be anchored in the opposite polar zones of the
membrane, formed with the lipid headgroups [11–14]. The polar
carotenoid pigments (xanthophylls) are reported to inﬂuence the
physical properties of the membranes [11–14]. One aspect of such a
modiﬁcation is the increase of the barrier for transmembrane
transport of ions and small molecules. For example, the 2 mol%
zeaxanthin (the polar derivative of β-carotene, see Fig. 1) incorpo-
rated into the membranes of liposomes formed with digalactosyldia-
cylglycerol, reduced the permeability for protons [15]. In the present
work we analyze the effect of zeaxanthin on transmembrane proton
transfer at a low concentration (1 mol%) at which its effect on physical
properties of the lipid membrane is very small.
2. Materials and methods
2.1. Chemicals
Diphytanoyl phosphatidylcholine (DPhPC), used to form model
lipid membranes, was purchased from Avanti Polar Lipids, Inc
(Alabama, USA).
Fig. 1. Chemical structure of β-carotene and zeaxanthin.
Fig. 2. Current–voltage characteristics of planar lipid bilayer membrane formed with
DPhPC and DPhPC containing 3mol% of zeaxanthin. Each experimental point represents
mean from 6 experiments±S.E. The experimental points are presented along with the
linear regression ﬁts.
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fruits of Lycium barbarum and puriﬁed chromatographically by HPLC
technique (the YMC GmBH C-30 column: 250 mm×4.6 mm, ﬂow
velocity: 1 ml/min, mobile phase: acetonitrile:CH3OH:H20 (72:8:3, by
vol.)) as described in detail previously [16].
Synthetic β-carotene (β,β-carotene) was purchased from Sigma-
Aldrich Chem. Co. The pigment was re-crystallized twice from the
hexan:CH3OH solvent mixture (4:1, v:v) before use. The pigment
purity was tested chromatographically with the same HPLC column
as in the case of zeaxanthin puriﬁcation and with the mobile phase
the same as the solvent mixture applied for re-crystallization.
2.2. Electrical measurements
Planar bilayer lipid membranes, BLM [17] were formed from
DPhPC or the lipid containing 1, 3 or 5 mol% zeaxanthin dissolved in
n-decane:2-propanol mixture 3:1, v:v (lipid concentration 10 mg/
ml). Composition of deposition solvents used to form lipid mem-
branes with and without zeaxanthin was kept identical, in order to
avoid possible effect of a solvent on the membrane resistance and
ion transport properties. A small amount of forming solution was
applied on a hole (1 mm in diameter) in a Teﬂon cup located in a
Plexiglas chamber with two glass windows. The membrane
separated two compartments, each of them containing 10 ml of
water containing 0.1 M KCl. During the experiment, solutions were
stirred in both compartments with magnetic microstirrers. The
process of membrane thinning to a bilayer stage was monitored by
visual inspection through a microscope and by measuring electrical
resistance in a set-up described below. Measurements started when
the membrane became optically black. The resistance of the
membranes in their steady-state was about 20 GΩ. The set-up for
the BLM formation was placed in a Faraday cage on a vibration-
isolating table. Some other details of measurements were described
previously [18].
The ﬁrst part of the experiments involved the measurements of
voltage across lipid membrane at various concentrations of zeaxan-
thin, evoked by the passing current. Current–voltage characteristics
were obtained by using a four-electrode method. The electrodes of
Ag/AgCl wires were placed in pairs in two compartments separated
by the membrane. One pair of them, connected to the ampliﬁer
(Elektrometer Duo 773) represented the voltage registration circuit.
The other (cathode and anode) connected to a regulated DC source
represented the current circuit. Selected range of current intensities
(50–700 pA) was applied in order to obtain a relation between the
voltage and the membrane resistance.
The next part of experiments was focused on the examination
of H+-ion conductivity across the lipid membrane, pure and mo-
diﬁed with zeaxanthin. The measuring arrangement consisted of
antimony ﬁlled H+-selective microelectrode, prepared according tothe method described previously [19], and Ag/AgCl reference
electrode placed in a separate compartment and connected to the
ampliﬁer. 0.5 ml of 10 mM oxalic acid added on one side of the
membrane, to the compartment with the reference electrode was
used as a source of H+ ions. The transmembrane proton transfer
was registered as a change of the pH in the other compartment
with the pH-selective electrode. To analyze changes of the voltage
the BIOWYK program was used. All the experimental values were
displayed as mean±S.E.
2.3. UV–Vis linear dichroism measurements
The linear dichroism measurements of orientation of zeaxanthin
molecules in the lipid membranes were performed on the oriented
lipid multilayers deposited to glass support [20,21], composed of 100
DPhPC bilayers containing 1 mol% of the pigment. Polarized light
absorption spectra were recorded with UV–Vis Shimadzu 160A-PC
spectrophotometer equipped with the Shimadzu polarizing attach-
ment. The dichroic ratio was determined at 460 nm and the mean
orientation of the dipole transition moment of zeaxanthin with
respect to the axis normal to the plane of the membrane (v) was
calculated on the basis of the absorption spectra recorded with the
tilt angle of 45°, between the axis normal to the plane of the
membrane and the direction of the measuring light beam (the
refraction on the lipid phase border has not been considered):
AO=A8 = ctg2v + 0:5: ð1Þ
2.4. FTIR measurements
Infrared absorption spectra of carotenoid pigments were recorded
with the Fourier-transform infrared absorption spectrometer
equipped with the attenuated total reﬂection set-up (ATR-FTIR).
Samples were deposited on the ATR crystal element by evaporation
from CCl4. The solvent was distilled before use and kept undermetallic
Na in order to remove possible traces of water. The spectra were
recorded with a Vector 33 spectrometer (Bruker, Germany). The
internal reﬂection element was a ZnSe crystal (45° cut) yielding 10
internal reﬂections. Typically, 10 scans were collected, Fourier
transformed and averaged for each measurement. Absorption spectra
at a resolution of one data point every 2 cm−1 were obtained in the
region between 4000 and 400 cm−1 using a clean crystal as the
background. The instrument was purged with argon for 40 min before
and continuously during measurements. The ATR crystals were
Fig. 3. Speciﬁc electric resistance of the planar lipid bilayer membrane formed with
DPhPC as a function of concentration of zeaxanthin incorporated. Speciﬁc resistance
calculated on the basis of the current–voltage dependencies and the surface of the
planar lipid membrane.
Fig. 4. Time dependencies of pH recordings in one of two compartments separated by
the planar lipid membranes formed with DPhPC following the acidiﬁcation of the
other compartment with oxalic acid solution. The moment of acidiﬁcation is indicated
with an arrow. B: the membrane was mechanically disrupted. C: the membrane was
formed with DPhPC containing 1 mol% or 3 mol% of zeaxanthin. Panel D presents
time dependence of electric potential change across the membrane containing 1 mol
% zeaxanthin. The measuring electrode was placed in the same compartment as the
pH-sensitive electrode.
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Spectral analysis was performed with OPUS (Bruker, Germany) and
Grams AI software from ThermoGalactic (USA).
3. Results and discussion
Resistance of planar lipid bilayers formed with DPhPC and
modiﬁed with zeaxanthin was calculated on the basis of the
current–voltage linear dependencies (see Fig. 2). The presence of
zeaxanthin increases the overall electric membrane resistance (Fig. 3).
Such an effect is particularly pronounced at a higher concentration of
the carotenoid (5 mol%) and can be explained in terms of pigment-
related increased order of the membrane lipids [14]. At the
concentration of 1 mol%, no pronounced effect of zeaxanthin on the
overall electric resistance of the membrane was observed. At such a
low concentration, the effect of polar carotenoids on the physical
properties of the lipid membranes has been reported as very small
[14,22–24]. Interestingly, zeaxanthin incorporated into the planar
lipid membranes at 1 mol% concentration has a pronounced effect on
transmembrane proton transfer. Fig. 4 presents the time dependencies
of pH in one of the two compartments separated by the planar lipid
membrane, after acidiﬁcation of the other compartment. As can be
seen (Fig. 4A), acidiﬁcation of one compartment is not associated with
pH changes in the other compartment within 10 min. Disrupted of the
membrane causes equilibration of proton concentration in two
compartments and pH drops by ca. 0.6 (Fig. 4B). Acidiﬁcation of one
of the two compartments separated by the lipidmembrane containing
1 mol% of zeaxanthin results in a very distinct proton transfer across
the membrane, demonstrated by pH drop in the other compartment,
with the lag phase of approximately 1 min (Fig. 4C). The effect of
zeaxanthin on proton transport across the lipid membrane is
reproducible and has been observed in all the repetitions.
In agreement with Ref. [15] we did not observe facilitation of
proton transfer across the membrane by zeaxanthin present at higher
concentrations (Fig. 4C). In contrary, the membrane resistance was
higher, as presented in Fig. 3. Most probably this effect is directly
associated with a very strong tendency of the xanthophyll to form
molecular aggregates within the lipid phase at higher concentrations,
which results in separation of carotenoid molecules from the lipid
phase. Even at the concentration as low as 1 mol% zeaxanthin is
already partially aggregated, as can be seen from the clear presence of
the shoulder in the absorption spectra, in the region of 400 nm (see
lower panel of Fig. 5). Similar concentration-dependent effect on ion
transport across the lipid bilayer has been also reported in the case ofundecaprenyl phosphate [25]. The additive present at 1 mol% within
the lipid phase substantially changed the activation energy for ion
transport across the membrane, but had little effect at concentration
10 mol%.
According to our estimation ca. 3000 H+ per second per one
zeaxanthin molecule is transferred across the membrane in the initial
phase of the experiment. The rate is not as high as in the case of
efﬁcient ion transporters such as valinomycin (2×104 s−1 [26]) but
comparable with the rate of bacteriorodopsin (about 1000 s−1 as
inducedbyapH jump from lowtoneutral pH [27]). Such a rate suggests
that zeaxanthin does not formmembrane channels but rather acts as a
single molecule ion-shuttle or facilitates proton equilibration via
modiﬁcation of the physical properties of the lipid bilayer.
Fig. 7. Analysis of the fragment of the spectrum presented in Fig. 6 in the region
characteristic of CH stretching vibrations.
Fig. 5. Electronic absorption spectra of the sample composed of 100 lipid bilayers formed
with DPhPC containing 1 mol% zeaxanthin. The spectra were recorded with electric
vector of incident light polarized parallel (O) and perpendicular (8) with respect to the
plane of incidence, deﬁned by the direction of the incident light beam and the axis
normal to the plane of the multibilayer membrane. Axis normal to the membrane
oriented along the incident light beam (upper panel) or tilted by 45° (lower panel).
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across the membrane containing 1 mol% zeaxanthin, following
acidiﬁcation of one compartment. It appeared that the drop of
potential is observed with the lag phase of ca. 2 min after the acid
injection and with 1 min-delay after the drop of pH. The potential
change is very small and that it amounts only to 2mV. This means that
either Cl− symport or K+ antyport (or possibly both mechanisms)
accompanies the transmembrane proton transfer and prevents
charging of the membrane. It is also possible that modiﬁcation of
the physical properties of the lipid membranes by the presence of
small molar fractions of zeaxanthin facilitates diffusion of the acid
molecules across the membrane.
In order to understand the molecular mechanism responsible for
the effect of zeaxanthin on proton transport, orientation of this
carotenoid in the lipid bilayer formed with DPhPC was analyzed with
linear dichroism technique in the UV–Vis spectral region. Fig. 5Fig. 6. Infrared absorption spectrum of β-carotene deposited by evaporation from CCl4
to the ZnSe crystal. Insets show the fragments of the spectrum in expanded absorbance
scale (10-fold or 20-fold, indicated).presents electronic absorption spectra of zeaxanthin incorporated into
the lipid multibilayer, recorded with polarized light. The shape of the
absorption spectra is typical of the pigment in monomeric form,
which conﬁrms good miscibility of zeaxanthin (at 1 mol%) with the
lipid. The lack of linear dichroism at normal orientation of the sample
with respect to the incident light beam indicates that distribution of
the transition dipole moments in the plane of the membrane is
homogeneous. The mean orientation of the transition dipole of
zeaxanthinmolecules within themembrane, calculated on the basis of
the polarized absorption spectra recorded with the sample tilted by
45°, is 21°. Considering the fact that the transition dipole moment
forms an angle ≈15° with the axis connecting the hydroxyl groups at
the 3 and 3′ positions [11,12,20], one can conclude roughly vertical
orientation of the pigment molecules with respect to the plane of the
membrane. Such an orientation of the xanthophyll can be predicted
on the basis of the thickness of the entire lipid bilayer formed with
DPhPC, D≈48–50 Å [28,29] (thickness of the hydrophobic core d≈21–
23 Å). The fact that zeaxanthin spans the hydrophobic core of the
membrane is most probably directly related with the molecular
mechanism responsible for zeaxanthin-mediated transmembrane
proton transport.
Basically, there are two most important aspects of the presence of
carotenoid pigments in the lipid bilayer, that can be associated with
transmembrane proton transport. One of them can be a local
modiﬁcation of the physical properties of the membrane, relevant
for proton transfer, and the second, the direct involvement of the
polyene chain in proton binding and transfer. Possible involvement of
a polyene chain of carotenoids in molecular interactions that can be
relevant for proton transport was examined by means of FTIR
spectroscopy of zeaxanthin and β-carotene. β-carotene has been
selected because it is a zeaxanthin precursor without hydroxyl groups
bound to the terminal rings (see Fig. 1) and binding of polar molecules
(e.g. water) can be only possible to the hydrophobic polyene chain and
the terminal rings. Fig. 6 presents infrared absorption spectrum of β-
carotene deposited to the ZnSe crystal by means of evaporation. The
spectrum is very close to the infrared absorption spectrum of β-
carotene, recorded in KBr [30]. Themain difference between these two
spectra is a broad and intensive band in the spectral region
corresponding to the structuralized water molecules, observed in
KBr and not observed in the dry sample deposited directly to the ZnSe
support. Fig. 7 presents a detailed analysis of the infrared absorption
spectrum of β-carotene in the region corresponding to the C–H
stretching vibrations. The main spectral features are the bands
corresponding to the symmetric and anti-symmetric stretching vibra-
tions in the CH2 groups at 2849 cm−1 and 2924 cm−1 respectively, in
the CH3 groups at 2862 cm−1 and 2952 cm−1 respectively, and the
Fig. 8. Infrared absorption spectrum of β-carotene deposited by evaporation from CCl4
to the ZnSe crystal, subjected to H2O or acetonitrile (ACN) and dried again under stream
of argon. Lower panel shows the difference spectrum.
Fig. 9. Infrared absorption spectrum of β-carotene deposited by evaporation from CCl4
to the ZnSe crystal, subjected to H2O or D2O and dried again under stream of argon.
Lower panel shows the difference spectrum.
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3025 cm−1. Interestingly, the shoulder appears at 2982 cm−1, that can
be attributed to the =C–H band shifted towards lower frequencies
(bathochromic shift 43 cm−1) owing to the formation of weak
hydrogen bonds [31] e.g. with molecules of water (H2O…H–C=).
Similar spectral effect can be attributed to the CH3 groups and the low-
wavenumber band peaking at 2823 cm−1 corresponds, most probably,
to the symmetric stretching vibrations of the methyl groups involved
in the formation of weak hydrogen bonds with oxygen (H2O…H3C,
bathochromic shift 39 cm−1). Similar effects have been observed in the
spectra of zeaxanthin recorded in the same system (not shown). The
spectroscopic analysis performed shows that the hydrophobic poly-
ene of a carotenoid is able to carry water molecules bound from the
atmosphere by weak hydrogen bonds in which water oxygen atom
acts as a proton acceptor. It is also possible that water molecules are
bound to the polyene by weak hydrogen bonds with the π conjugated
double bond system [31]. In such a case the polyene-bound water
molecules act as proton donors. In the IR absorption spectra of β-
carotene (Fig. 6) the relatively weak band at 1625 cm−1 can be
assigned to the O–H deformation vibrations shifted toward higher
frequencies, owing to the formation of π-type hydrogen bonds to the
polyene chain (the band appears at 1595 cm−1 in the vapor phase). The
corresponding OH stretching vibration band, between 3200 and
3500 cm−1, is rather broad and very low in intensity. Binding of water
molecules to the polyene backbone of β-carotene has been also
concluded on the basis of the studies of monomolecular layers of the
pigment formed at the air–water interface [32].
The β-carotene samples deposited from CCl4 were also subjected
to H2O or acetonitrile (ACN) and dried again. Water molecule can be
involved in the formation of two hydrogen bonds as an acceptor and
two hydrogen bonds as a donor while ACN can only serve as a single
strong hydrogen bond acceptor. The analysis of the IR absorption bandof a carotenoid that represents the out of plane deformation of =C–H
group (δoop) is presented in Fig. 8. It can be seen that in the presence of
H2O, the skeletal deformation vibrations of the chromophore are
shifted toward higher frequencies: the band at 949 cm−1 decreases in
its intensity and instead the band at 970 cm−1 gains intensity. This
effect demonstrates that water molecules can be bound to a polyene
chain by means of weak hydrogen bonds. The presence of twominima
in the difference spectrum presented in Fig. 8 (lower panel) suggests
that single =C–H group may interact by means of hydrogen bonding
with two different oxygen atoms, as reported in the case of polyene
antibiotic chainin [33]. Such an interaction is not possible in the case
of ACN. The results presented by In et al. [33] conﬁrm also the ability to
form weak hydrogen bonds by polyene chain, as postulated in this
work. It is also possible that water molecules can be bound by means
of weak hydrogen bonds to the polyene chain in such a way that
proton of the water molecule interacts with the π electron system of
the chromophore. Fig. 9 presents the FTIR spectrum of the β-carotene
sample deposited from CCl4 and afterward subjected to H2O or D2O
and dried. The clear band in the difference spectrum at 1203 cm−1
corresponding to the deformation vibrations of D–O indicates the
possibility of binding of water molecules to the polyene chain by
means of π-type hydrogen bonds.
The fact that the polyene chain, despite the general conviction, is
able to bind some water molecules by means of the so-called weak
hydrogen bonds, seems to be important in the explanation of the
molecular mechanism responsible for the transmembrane proton
transfer across the carotenoid-containing lipid membranes. Water
molecules bound to the polyene chain may serve as a “channel” to the
hydronium ion carrying an extra proton (H3O+). In fact, the small
bands at 1723 and 1709 cm−1 (see inset to Fig. 6) can be assigned to the
O–H deformation vibrations in the hydronium ions [34]. The
hydronium ions can be hydrogen-bound to various water molecules
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carotenoid molecule. Polar carotenoids tend to be oriented in the lipid
membranes in such a way that they span the hydrophobic core of the
membrane. This can be a universal mechanism that facilitates proton
transfer across the biological membranes.
The fact that the membrane-bound carotenoid molecules, despite
the common conviction, are able to carry a certain number of water
molecules, seems to suggest also another possible molecular mechan-
ism which can be responsible for the facilitation of equilibration of the
proton gradient across the zeaxanthin-containing lipid membranes,
observed. The additives can destabilize locally the structure of the
hydrophobic core of the lipid bilayer to a level which can increase
essentially the rate of a transmembrane diffusion of themolecules of an
acid. In fact, relatively small molar fractions of polar carotenoids were
reported to decrease cooperativity of the main thermotropic phase
transitions of the model membranes formed with phosphatidylocho-
lines [35]. We plan to address the problem regarding the exact
mechanism responsible for the equilibration of pH across the zeax-
anthin-modiﬁed lipid membranes in the near future with the applica-
tion of the ﬂuorescence label technique.
In the photosynthetic membranes, under the physiological condi-
tions, the carotenoid pigments do not usually exist as directly present
in the lipid phase. However, under the stress conditions, in particular
under the light stress associated with over-excitation to the photo-
synthetic apparatus, the xanthophyll pigments of the xanthophyll
cycle (violaxanthin, antheraxanthin and zeaxanthin) appear directly
in the lipid phase of the thylakoid membrane, where the reactions of
the cycle take place [36–38]. Direct presence of polar carotenoid
pigments in the thylakoid membrane may serve as a “safety valve” for
a proton gradient across the membrane, that may become too high
under light stress conditions, providing that the buffering capacity of
the luminal surface of the membrane-bound proteins is already
saturated. Even under the physiological conditions, the xanthophyll
cycle reactions are active in the chloroplast membranes of the guard
cells of the stomata [39,40]. Zeaxanthin has been proposed to play a
direct role in sensory signal transduction in guard cells, leading to the
proton extrusion and stomata opening [40–42]. It is possible that the
mechanism of transmembrane proton transport by zeaxanthin,
presented in this work, is also relevant to the signal transduction
pathway in guard cells. Under the physiological conditions, most of
the photosynthetic xanthophyll pigments are bound to the functional
thylakoid membrane proteins. The largest light-harvesting pigment-
protein complex of Photosystem II (LHCII) binds two lutein molecules,
in the two central binding sites, one neoxanthin and one the
xanthophyll cycle pigment (either violaxanthin or antheraxanthin or
zeaxanthin) [7]. It has been reported that the LHCII complex
embedded in the thylakoid membrane can short-circuit the proton
gradient [43,44]. It is possible that the protein-bound carotenoid
pigments participate in the activity reported. It has to be also
emphasized that polar carotenoids are not only the constituents of
biomembranes of chloroplasts but they can be found in bacteria and
animals [1] where they can potentially be involved in the regulation of
the transmembrane proton transport. Interestingly, the polar carote-
noid pigment, lutein, present in the macula lutea of the retina of
primates, has been also proposed to play a role in the transmembrane
ion transport in the membranes of mitochondria [45,46].
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